Abstract. This paper presents a seismic response analysis study of liquefiable sites along the northern parts of the coastal area of Bengkulu Province that underwent liquefaction phenomena during the strong earthquake (8.6 M w ) on 12 September 2007. Several investigation tests, including the standard penetration test (SPT) and the soil shear wave velocity test, were conducted at 8 locations. The data were used to simulate the seismic response in order to investigate soil behaviors during the earthquake. In addition, the excess pore water pressure ratio obtained from the analysis was compared with the prediction value calculated from empirical data. The results show that liquefaction can occur at shallow depth layers dominated by loose sand. The results also confirm field evidence collected during the earthquake that was reported in several previous studies. The excess pore water pressure ratio was in good agreement with the predicted value from the empirical approach.
Introduction
On September 12, 2007 , an earthquake with a magnitude of 8.6 M w occurred in the Indian Ocean ( Figure 1 ) and resulted in huge damage in Bengkulu Province [1, 2] . This earthquake also triggered the unique phenomenon known as liquefaction, especially along the coastal areas of the province [3] . To learn from the earthquake event in 2007, an intensive liquefaction study was performed.
Several local researchers have performed preliminary studies to estimate the liquefaction potential in Bengkulu Province [3] [4] [5] [6] [7] . In general, the previous studies analyzed the liquefaction severity based on an empirical approach, as proposed by Seed and Idriss [8] and Idriss and Boulanger [9] . These previous studies reached the conclusion that the coastal areas in Bengkulu could undergo liquefaction at shallow depth. However, a description of liquefiable soil behavior under earthquake loading was not achieved in the previous studies. This paper presents a site response analysis of a number of liquefaction sites spread along the coastal area of Bengkulu City. Eight site investigation tests, including the standard penetration test (SPT) and the shear wave velocity test (V S ), were performed. Locations in Bengkulu City, North Bengkulu, Central Bengkulu, and Mukomuko regency underwent liquefaction in September 2007, as reported by the Earthquake Engineering Research Institute (EERI) [10] . Soil behaviors including excess pore pressure ratio (r u ) time history, hysteresis loop, and effective stress ( v ) reduction are presented here. In addition, a comparison of r u values obtained from the analysis with the predicted values based on empirical data was performed. Overall, this study was expected to provide a better understanding of the liquefaction phenomenon that occurred in Bengkulu Province and raise awareness to the impact of earthquakes among people living in the coastal areas of Bengkulu Province.
Theory

Non-linear Site Response Analysis of Liquefiable Layer
The cyclic stress-strain behavior under dynamic load in saturated sandy soil is a complex phenomenon, especially in terms of pore pressure generation. Ishihara, et al. [11] introduced the phase transformation (PT) of sand during cyclic loading to explain this complex behavior. A detailed phase-by-phase explanation during cyclic loading is presented in Figure 2 . In cyclic loading, there are two kinds of loading, i.e. compression and extension; therefore, in Figure 2 , there are two PT lines, i.e. one for compression loading and another one for extension loading.
Once the compression loading is applied, the cyclic loading moves the initial value of effective stress (Phase A) to the left side, which indicates there is a transformation of soil behavior from contraction to dilation (Phase B). Furthermore, there is the increment of soil stiffness, which is followed by excess pore water pressure in Phase C. When the loading is reversed back, the extension loading makes the effective confining pressure decrease, as seen in Phase D, and the soil behaves as a contracted material with the reduction of pore pressure accumulation. Once the compression loading is applied again, the effective stress path moves to the right in Phase E and passes the compression PT line as seen in Phase F. This condition is followed by an increment of soil stiffness in Phase G.
The accumulated pore pressure decreases (Phase H) and may reach the PT line for extension loading in Phase I, which is followed by the increase of soil stiffness in Phase J. In the first cycle (Phase A to J) there is not only an accumulation of pore pressure but also a decrease of accumulation of pore pressure. In the second cycle, the effective stress path will show similar phases as in the first cycle. From the illustration in Figure 2 , the cyclic phenomenon in sandy soils is very complex and non-linear; therefore, it is necessary to use sophisticated soil modeling to describe it. The complex phenomena previously illustrated suggest consideration of the cyclic behavior in terms of seismic response analysis.
Figure 2
Effective stress path and shear strain-shear stress of under dynamic load [redrawn from Elgamal et al. [12] ] (p  is mean effective stress),  is shear stress,  is shear strain, PT is the phase transformation surface).
Iai, et al. [13] proposed a non-linear effective stress model composed of two main models. The first model is a multi-spring element model, as presented in Figure 3 (a), with the hyperbolic non-linear model defined in strain space, which considers the rotation of the principle stress axis direction. This effect plays a role in the cyclic behavior of anisotropy-consolidated sand [15] . The multispring element model is generated with the shearing section in a direction in which the hyperbola model works. This model can also simulate the hysteresis loop.
The second model, as presented in Figure 3 (b), is an effective stress model, which applies the plastic shear work and stress. This model simulates the excess pore water pressure as a function of cumulative shear work. Moreover, the effect of dilatancy is considered in cyclic mobility behavior of the liquefaction front stated in the effective stress space. This model can also simulate rapid or gradual increments in cyclic strain amplitude under undrained cyclic loading.
Empirical Analysis of Liquefaction
In empirical analysis, the severity of liquefaction is normally noted as P L (probability of liquefaction) and FS L (liquefaction factor of safety). P L can be estimated as done by Liao et al. [16] using Eqs. (1) and (2).
where P L is probability of liquefaction, CSR is the cyclic resistance ratio, (N 1 ) 60 is the corrected SPT (blows/ft),  0 ,  1 ,  2 are constant values,  v is total stress (kPa),  v  is effective stress (kPa), a max is maximum PGA (g), g is gravity acceleration (9.81 m/s 2 ), and r d is the depth reduction factor (1-0.015z, (z is analyzed depth)).
The back analysis employing the P L model was used to estimate FS L by using Chen and Juang's [17] model, which is expressed in Eq. (3). The results can also be compared with data from an empirical approach, especially to predict r u , using Yegian and Vittel's [19] model, as shown in Eq. (4),
where  and  are constants of 0.7 and 0.19 respectively. 
Data and Method
Study Area and Site Investigation Result
The location of the study area is presented in Figure 1 
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Clayey sand (SC) layers are found at 27 to 30 m depth, with an (N 1 ) 60 average of 34 to 43 blows/ft and FC of 20%. According to the National Earthquake Hazard Reduction Program (NEHRP) [19] , the study area can be categorized as stiff soil with an average of the first 30-m shear wave velocity (V S30 ) of about 190-300 m/s.
Ground Motion of the 8.6 M w Earthquake in September 2007
The ground motion of the September 2007 earthquake ( Figure 5 ) was recorded at only one station, i.e. Sikuai Island Seismic Station, which is very far removed from the study area (393 km away from the epicenter). The earthquake ground motion was obtained from the Centre of Earthquake Strong Motion Database (CESMD) [20] . For the other locations, there were no data showing the ground motion (because there are no seismic stations in the study area). However, the recorded ground motion in Sikuai Island can generally give an appropriate interpretation of the ground motion parameters (Table 1) to describe the earthquake.
In Table 1 , the maximum value of peak ground acceleration (PGA max ), the maximum peak ground velocity maximum (PGV max ), and the maximum value of peak ground displacement maximum (PGD max ) were 0.0408 g, 4.19144 cm/sec, and 10.2367 cm, respectively. These maximum values occurred at 61.16 sec, 61.11 sec, and 71.14 sec, respectively. The ratio of PGV max and PGA max was 0.1047 sec, which implies a ground period (T g ) of 0.658 sec (T g =2 (PGV max / PGA max )). Housner intensity of the ground motion was 13.457 cm with a maximum specific energy density (energy flux) of 129.3712 cm 2 /sec ( Figure 6 ). The significant duration of the recorded ground motion (duration between 5% and 95% of arias intensity) was 44.935 sec, as detailed in Figure 6 . Since there are no recorded ground motions available for the study area, PGA max (maximum PGA) in the study area had to be predicted using an attenuation model. In this study, the attenuation model of Youngs, et al. [21] was used. The ground motion predictions and spectral accelerations of the sites are shown in Figure 7 . The predicted PGA max ranged from 0.0892 g to 0.1542 g.
The maximum value of PGA max from the attenuation model was calculated for the BH-1 site and the minimum one was calculated for the BH-8 site. These sites are the closest and the farthest from the epicenter of the earthquake that occurred in September 2007 (Figure 1) respectively. In terms of spectral acceleration, the maximum value consistently occurred at period (T) of 0.3 sec or frequency (f) of 3.3 Hz (simply predicted by f = 1/T). Consistent with the maximum PGA max , BH-1 and BH-2 had the maximum and minimum spectral acceleration respectively. 
Method
This study started with site investigations in the coastal areas of Bengkulu Province. SPT data and V S data were collected and studied to understand the sub-soil conditions in the study area. In addition, the ground motion measured at Sikuai Island Seismic Station was studied to understand the ground motion parameters. All collected data were used to conduct an element simulation to find the liquefaction characteristics of the soil layers using a simplified element simulation method (Morita, et al. in [22] ). After the characteristics of liquefaction strength were achieved, a one-dimensional site response analysis was conducted. At this stage, the input material, i.e. unit weight ( sat ), FC, SPT, V S of soil layer,  (Poisson's ratio), was used. The input motion was applied at the bottom of each borehole. In this study, the spectral accelerations of the sites (calculated based on Youngs, et al. [21] ) were matched with the spectral accelerations of the recorded ground motion.
The matched spectral accelerations were then derived to generate the input motions for the sites (Figure 8 ). The results of the simulation, including r u time history, - hysteresis loop, and  v  path, are presented in the next section. The liquefactions are signed by r u equal or more than 1. In this paper, only the results of selected layers are presented, which represent different soil types. Another result of the site response analysis, i.e. the amplification factor of each site, is also presented to determine which sites had the highest and the lowest amplification factor. PGA max at ground surface at each site resulted from the site response analysis was used in the empirical analysis of the liquefaction to estimate P L using the formulation of Liao, et al. in [16] , which was furthermore used to estimate FS L using the back-analysis method using Chen and Juang's [17] formulation. The results of the empirical analysis were plotted with r u and compared with the values of r u predicted by Yegian and Vittel in [18] . 
Liquefaction Resistance Curve
The liquefaction resistance curves of the potentially liquefiable soil layers are shown in Figure 9 . The results obtained by simulating the experimental results as the reference or the target liquefaction strength were compared to the investigated layers. The element simulation inputs used in this study were (N 1 ) 60 , FC, and  v . The subsoil layers located at shallow depth had lower liquefaction strength than the experimental tests, especially SP and SM. These soil layers had low soil resistance ((N 1 ) 60 less than 15 blows/ft) and low  v .
Based on this result, we could simply predict that liquefaction possibly happens in these soil layers. Overall, soil layer 1 (SP) of BH-2 had the lowest liquefaction resistance, since the liquefaction could happen during a very low cyclic strain, i.e. 0.1 to 0.2. On the other hand, sand layer 3 (SM) of BH-3 had the highest liquefaction strength where liquefaction could occur within a cyclic strain of 20 to 30.
Figure 9
Liquefaction resistance curve of subsoils in the study area.
Soil Behavior under Input Motion
Examples of soil behavior under the input motion are presented in Figure 10 . These examples represent the three soil types that are dominant in the study area, i. The hysteresis loop tends to become progressively flatter because of soil elements starting to liquefy. This indicates that there is a reduction of shear modulus (G) during cyclic mobility. After liquefaction, the loop becomes almost horizontal and  is very close to zero. The cyclic mobility also reduces the effective confining pressure. This indicates that the soil layer loses the  because  v  is reduced by excess pore water pressure. In the SM layers (represented by the SM layer of BH-6 at a depth of 3.75 m), soil behaviors also showed a similar trend as the SP layers. However, r u max still does not reach the liquefaction threshold (r u ≈1), but is very close to 1 (about 0.948).
The hysteresis loop drops and becomes horizontally flat, but less significantly compared to the SP layers. The existence of higher soil resistance tends to increase the liquefaction strength in this layer, especially for the soils layer at greater depth (larger  v ). These layers seem to undergo liquefaction if a stronger earthquake happens. In the SC layers (represented by the SC layer of 
BH-8 at 25.5 m depth), r u max was very small (0.022). This indicates that the soil layer is safe from liquefaction during earthquakes. This is also confirmed by the linear hysteresis loop, which indicates that there is no significant degradation of (G) and . The earthquake also did not significantly decrease the effective confining pressure, which means the soil layer has sufficient resistance to retain liquefaction. Table 2 presents the amplification factor of the soil layers in the investigated sites. In can be seen in Table 2 that the BH-2 site had the highest amplification factor in the investigated area, while BH-1 had the lowest amplification factor. This indicates that BH-2 can possibly undergo serious impact of an earthquake, including liquefaction, which was massively found during the September 2007 earthquake (EERI [10] ). 
Amplification Factor of Liquefiable Layers
FSL and PL AGAINST r u max
The interpretations of FS L and P L against r u max are presented in Figure 11 . In Figure 11 , a larger r u max means a smaller FS L and a larger r u max tends to increase P L . The comparison of the results also shows that the plotted points deal with the empirical approach proposed by Yegian and Vittel in [18] . 
Conclusion
Liquefaction possibly occurred at shallow depths (0 to 7.5 m) dominated by SP with low soil resistance. All sites underwent amplification due to the earthquake, which is predicted to contribute to soil damage. r u max values linked to empirical analysis were in good agreement with the prediction by Yegian and Vittel [18] .
